It has long been presumed that after leaving the germinal centers (GCs), memory B cells colonize the marginal zone or join the recirculating pool. Here we demonstrate the preferential localization of nitrophenol-chicken γ-globulin-induced CD38 +
It has long been presumed that after leaving the germinal centers (GCs), memory B cells colonize the marginal zone or join the recirculating pool. Here we demonstrate the preferential localization of nitrophenol-chicken γ-globulin-induced CD38 +
IgG1
+ memory B cells adjacent to contracted GCs in the spleen. The memory B cells in this region proliferated after secondary immunization, a response that was abolished by depletion of CD4 + T cells. We also found that these IgG1
+ memory B cells could present antigen on their surface, and that this activity was required for their activation. These results implicate this peri-GC region as an important site for survival and reactivation of memory B cells.
immunoglobulin | immunological memory
A ppropriate interactions between antigen-specific B and T lymphocytes are essential for humoral immune responses to T-dependent antigens (1, 2) . After their initial exposure to antigen, antigen-binding IgM + B cells migrate from random locations within the B-cell follicles to the border between the follicles and the T-cell-rich areas, where cognate interactions with antigenspecific CD4 T cells occur and subsequent B-cell proliferation is induced (3, 4) . Then, shortly after the appearance of extrafollicular foci of antibody (Ab)-secreting plasma cells, clusters of isotype-switched cells such as IgG + B cells, which can be detected by staining with peanut agglutinin and the GL7 mAb, appear in germinal centers (GCs) within the areas occupied by follicular dendritic cells (5) (6) (7) . Because the Ig variable-region genes of IgG + long-lived memory B cells contain somatic mutations, and because these mutations occur primarily in GCs, it is thought that IgG + memory B cells are mainly derived from the GC. Despite the importance of IgG + memory B cells in long-term humoral memory (8, 9) , their sites of residency and activation remain elusive, in part, because of technical difficulties associated with in situ detection of the rare IgG + memory B cells specific for a given antigen. Thus, to circumvent this problem, a transgenic mouse line harboring an IgM-type B-cell antigen receptor (BCR) has been used; these studies showed that longlived IgM + memory B cells reside not just in the marginal zone (MZ), as had been thought, but also in splenic follicles (10) . However, given the finding that antigen-experienced IgM B cells and switched IgG2a B cells differentially localize during primary immune responses (11) , extrapolation of the above scenario to residency sites of IgG + memory B cells in physiological settings needs to be done with great caution.
Here we focus on where IgG + memory B cells reside and how these memory B cells are activated upon secondary antigen challenge.
Results

CD38 +
IgG1
+ Memory B Cells Localize Around GCs. The Ab response to the hapten nitrophenol (NP) has been characterized extensively (12, 13) . Thus, to determine where IgG-type memory B cells reside, we used this model system. The response to NP in C57BL/6 (B6) mice is dominated by Abs composed of the V H 186.2 heavy chain and an Igλ light chain (12, 13) . Consistent with these reports, by flow cytometry analysis, ∼60-80% of NP-specific IgG1 + B cells expressed λ light chains on day 60 after alum-precipitated NPconjugated chicken γ-globulin (NP-CGG) immunization (Fig. S1A) . We then used immunohistochemical analyses to determine the localization of IgG1 + λ + B cells, which are mixtures of memory and GC B cells as described below, in the spleen on day 30 and day 60 postimmunization. As shown in Fig. S1B , IgG1
+ cells were located in several areas including the red pulps and follicles, but the λ-expressing IgG1 + cells were found mainly as clusters residing in the centers of follicles both at day 30 and day 60. Although we expended considerable effort attempting to detect NP-reactive cells in sections using NP-labeled fluorochromes, in our hands the data obtained using this approach were unconvincing.
Previous studies have demonstrated that CD38, used in conjunction with GL7, is a good marker for distinguishing between memory and GC B cells: The former are CD38 + IgG1 + and the latter are CD38
−
IgG1
+ GL7 + (14, 15) . Therefore, to localize IgG1-type memory B cells, we stained sections of spleen from NP-CGG-immunized mice with anti-CD38, -IgG1, and -GL7 Abs. On day 30, a small number of IgG1 + CD38 + B cells were detected in the follicles adjacent to clusters of CD38 −
GL7
+ GC B cells (Fig.  1A) . On day 60, these IgG1 + CD38 + B cells were still observed near the clusters of CD38 −
+ GC B cells; the GC B cells were still present, despite a significant reduction in their numbers compared with day 30 by both flow cytometry and immunohistology (Fig. 1B) . Results using PNA, another widely used marker for GC B cells, were similar to those with the GL7 mAb (Fig. S2) . Moreover, consistent with the above results, ∼50-70% of IgG1 + cells clustering near the GCs on day 60 were λ + (Fig. 1A) . Together, these observations suggest that the majority of IgG1 + memory B cells localized near the contracted GCs on day 60 were specific for NP.
IgM-and IgG-type Memory B Cells Localize in Distinct Areas of the Spleen. Several previous reports have described a different localization of memory B cells from the one we describe above, that is, scattered in follicles or within the marginal zones (10, 16 hi IgH knock-in mice (CD45.2) and immunized with alum-precipitated NP-CGG. In this experimental setting, almost all donor-derived B cells present on day 30 after immunization can be considered as antigen-experienced, because of the following two lines of evidence. First, on day 30, more than 90% of the transferred B cells bound NP, in contrast to about 5% of naïve B cells (Fig. S3) . Second, more than 90% of transferred B cells labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) before transfer became CFSE-negative by day 30 after immunization, indicating that they had undergone extensive proliferation (Fig. S3 ). As shown in Fig. 2A , two distinct subpopulations of donor-derived B cells were observed in immunized mice on day 60. The largest subpopulation was CD38 + GL7 − , the phenotype of memory B cells, and most of these cells expressed IgM. As expected, those IgM + cells could bind NP, indicating that NP-reactive IgM-type memory B cells are generated in this experimental system. Histological analysis revealed that the IgM-type memory B cells detected with anti-IgM a mAb were mainly scattered in follicles ( Fig. 2A and Fig. 2C Left) .
We next attempted to determine the localization of IgG1-type memory B cells in the same adoptive transfer experiment as described above. However, despite tremendous efforts, the antiallotypic IgG1 a mAb did not work well, especially for histological analysis. Thus, we tried another approach to detect donor-derived IgG1-type memory B cells. We used a transgenic mouse expressing a cell-cycle-sensitive probe, fluorescent indicator for cell-cycle progression (Fucci), in which cells become reversibly fluorescent depending on their cell-cycle status; they are red in the G1, but not S/G2/M, phases (Fucci-red) (18) transgenic B1-8 hi IgH knock-in mice, and immunized with NP-CGG precipitated in alum. As shown in Fig. 2B , donor-derived Fucci-red-labeled cells were observed in mice on day 60 after immunization. Flow cytometric analysis revealed that IgG1
+ cells were present in the Fucci-red-labeled cell population. Because we gated out Fucci-red-negative cells, probably including GC B cells, most of these IgG1 + cells expressed CD38 and were able to bind NP, suggesting that NP-specific IgG1-type memory B cells were labeled with Fucci-red. Localization of Fucci-red-labeled cells was examined by immunohistological analysis (Fig. 2B Lower) . Clustering of Fucci-red-labeled CD38 + cells was observed near GL7 + CD38 − GC cells, in addition to cells scattered in follicles. Staining the sections with anti-IgG1 Ab revealed that IgG1 + cells were predominantly located in clusters near GCs (Fig. 2 B and C Right). Together, these data demonstrate differential localization of IgM-and IgG1-type memory B cells.
Detection of Memory B Cells Based on the AID-Cre-Mediated
Expression of Red Fluorescent Protein. In addition to B cells, follicular dendritic cells are located within and/or surrounding GCs, where they can capture antigen-IgG complexes by virtue of Fcγ (19) and complement (20) receptors during immune responses. Because the above assay relies on anti-IgG1 staining, one concern is that this method might not be detecting B cells but instead cells that had passively acquired secreted IgG1 Abs. To eliminate this possibility, we used a genetic approach in which the Cre recombinase gene is expressed under the control of the Aicda (activationinduced cytidine deaminase; AID) promoter and red fluorescent protein (RFP) is only expressed upon Cre-mediated deletion of a floxed neomycin gene (AID-cre/RFP-ROSA) (Fig. S4) (21, 22) . In these mice, the progeny of AID-expressing cells, including memory B cells, are permanently RFP + (Fig. S5A) . Localization of the red fluorescent cells was determined by immunohistological analysis (Fig. S5B) To next examine where memory B cells are activated upon secondary antigen challenge (NP-CGG without alum), we used another strain of Fucci transgenic mice, in which cells become reversibly fluorescent (green) in the S/G2/M, but not G1, phases (Fucci-green) (18) . As expected, flow cytometric analysis indicated that almost all of the CD38 + IgG1 + NP + memory B cells on day 60 after primary challenge were in the resting state. However, by 2 days after secondary challenge, many of them had entered the cell cycle and become green (Fig. 3A) . In situ studies were performed to identify the location of the green cells in the spleen (Fig. 3B) . Before secondary challenge, a few green B cells were detectable, consistent with the flow cytometric data (Fig. 3A) . Two days after secondary challenge, many IgG1 B cells entered the S/G2/M phase. Among these green cells, about two-thirds of them were CD38 + memory cells and the remaining were CD38
− GC B cells. These results suggest that IgG1 memory B cells near the contracted GCs, together with the GC B cells, start to proliferate upon secondary challenge. 
IgG1
+ B cells were localized in the follicles. To further examine whether these CD4 + T cells express T FH markers, we used anti-PD-1 mAb (26) and found that some, but not all, CD4 + T cells in the follicles on day 60 after primary immunization expressed PD-1 (Fig. 4B) . splenocytes P P + C P P + C P P + C P P + C P 
P < 0.05 Fig. 1B . P values were calculated with a two-tailed Student's t test. P, primed alone; P+C, primed and rechallenged.
I-E d α MHC II subunit (NP-EαGFP) as a secondary challenge antigen. In this setting, antigen presentation can be monitored with the Y-Ae mAb, which is specific for pEα:I-A b complexes on the surface of antigen-presenting cells (27, 28) . As demonstrated in Fig. 5A into Rag1 −/− mice. The memory B cells were able to mount a secondary Ab response when the recipient mice were administered NP-CGG, but not NP-chicken ovalbumin (NP-OVA) (Fig. 5B) . The simplest explanation for these results is that IgG1 + NP + memory B cells efficiently differentiated only when expression of an NP-specific IgG1 BCR allowed efficient uptake of CGG and presentation of CGG peptides to the CGG-primed T cells. NP conjugated with a different carrier, OVA, would be unable to elicit the requisite T-cell help in this system. This idea was substantiated by our findings using MHC class II −/− Rag1 −/− mice as recipients, an experimental setting in which MHC class II is only expressed on the transferred cells. As shown in could elicit the secondary NP response, whereas administration of Fab fragments of anti-MHC class II mAb blocked this response, demonstrating the importance of MHC class II expression on memory B cells.
Discussion
Previous work has shown that NP-specific memory B cells appear in the MZ area shortly after primary immunization in rats, and then emerge in both the follicle and the MZ at later time points (16) . Although the study using rats did not distinguish whether these memory B cells were of the IgM or class-switched type, given that the same localization sites was observed when NPspecific IgM transgenic mouse models were immunized (10) it is most likely that the NP-specific memory B cells observed in the rat system were of the IgM type. This possibility is further supported by our observations that antigen-experienced IgM + cells are scattered in the follicles on day 60 after primary immunization (Fig. 2 A and C) .
In contrast to the localization of IgM-type memory B cells, we have shown here that IgG1-type memory B cells (IgG1   +   CD38   +   ) are mainly located near the contracted GC-like structures still present on day 60 after primary immunization (NP-CGG with alum). Our histochemical resolution did not suffice to conclude whether the IgG1 + CD38 + memory B cells are localized near the GC light or dark zone. The presence of these GC-like structures on day 60, albeit much smaller than on day 30, is quite consistent with a recent report demonstrating that GC-like structures persist for up to 8 months after being challenged with sheep red blood cells (SRBCs) twice (29) . Because SRBCs induce a very potent polyclonal B-cell response, the persistence of GC-like structures for longer periods in the case of SRBCs probably reflects the fact that a steady-state level of newly activated B-cell clones is high, thereby being continuously recruited into the GC fractions. Together with our data, it now seems clear that GClike structures can persist longer than previously appreciated, and that the duration of such structures is dependent, at least partly, on the nature of the immunogen and adjuvants.
By using lymphocytes harboring the Fucci cell-cycle tracker, we have demonstrated here that IgG1 + CD38 + memory B cells near GCs, in addition to the IgG1 + CD38 − (GC B cells from our criteria), begin to proliferate upon secondary challenging on day 60. As discussed above, in the NP-CGG immunization protocol, some IgG1 + CD38 − GC B cells still remain at day 60 and their proliferation appears to be enhanced upon secondary challenge. Because recent reports have suggested that IgG-type memory B cells undergo differentiation into plasma cells rather than entering into GC pools (29, 30) , we favor the idea that the precursors of proliferating IgG1 + CD38 − B cells on day 2 after secondary challenge are GC, but not memory, B cells. However, at present, we cannot completely exclude the possibility that IgG1 + CD38 + memory B cells differentiate into IgG1 + CD38 − cells, or vice versa, during the 2 days after secondary challenge. Assuming that such preferential localization and activation of memory B cells near the contracted GCs also occur in draining lymph nodes, our observations would explain the previous findings that the ipsilateral lymph node transfers a significantly higher humoral memory response than does the contralateral node at all intervals after a primary challenge (31) . Proliferation of IgG1 + CD38 + memory B cells and their subsequent differentiation into plasma cells are likely to require cognate interactions between B and T cells. This notion is supported by the following three lines of evidence: (i) the requirement for T cells for the proliferation and differentiation of IgG1 memory B cells; (ii) IgG1 + CD38 + memory B cells are able to present antigens; and (iii) the requirement for MHC class II on B cells for differentiation of IgG1 + CD38 + memory B cells. Given that CD4 + T cells exist in close proximity to IgG1 memory B cells near the contracted GCs on day 60, we speculate that some of these CD4 + T cells are long-lived follicular helper memory T cells and are responsible for activation of IgG1 memory B cells. If so, we would propose that this close proximity of memory B cells to memory T cells can explain, at least partly, the more rapid kinetics of memory responses because, during primary responses, movement of antigen-specific B cells and antigen-specific T cells toward the T-B border area is required. In addition to this spatial advantage, intrinsic properties of IgG-type memory B cells likely contribute to their more rapid response as demonstrated in previous studies. For example, IgG1-type memory B cells are more apt to differentiate into plasma cells than IgM-type memory and/or naïve cells (29, 30) . At the molecular level, the cytoplasmic domain of the IgM-type BCR is almost nonexistent, whereas the IgG-type BCR contains an extended cytoplasmic domain which has been suggested to generate unique signals for conferring a memory phenotype (32, 33) .
Although our study has focused on IgG-type memory B cells, we do not argue that antigen-specific IgM memory B cells are dispensable for T-dependent memory IgG responses. In regard to their contribution, it has been recently proposed that memory IgM B cells, by virtue of their rapid mobilization in GCs and switching to IgG after antigen rechallenge, ensure replenishment of the memory pool, probably including both IgM and IgG types (29) .
Our data, together with recent work (29), strongly suggest the importance of persisting GC-like structures for normal humoral memory responses. However, previous studies involving genetic deficiency of CD40 and Bcl6 in human and mouse, respectively (34, 35) , demonstrated that in the absence of GCs, an unmutated but functional memory B-cell compartment could develop, implying that there may exist at least one, if not multiple, GCindependent pathways of memory B-cell development. However, the IgG memory B cells that develop in the absence of Bcl6 appear not to give rise to long-lived plasma cells (34) . Thus, it is possible that there are functional differences between GCdependent and -independent IgG memory B cells.
Methods
Detailed descriptions of all materials and methods are provided in SI Methods.
Mice, Immunization, and Treatment with Anti-CD4 Monoclonal Antibody. C57BL/6 mice were purchased from CLEA Japan. B1-8
hi IgH knock-in mice were described in ref. 17 . AID-cre mice and RFP-ROSA mice have been described previously (21, 22) . MHC class II-deficient mice (36) were crossed with Rag1 −/− mice to obtain Rag1 −/− MHC class II −/− mice. Fucci-red and -green transgenic mice were established as described in a previous report (18 ) were transferred i.v. to CD45.1-CD45.2 F1 mice. Twenty-four hours after cell transfer, mice were immunized with 100 μg of nitrophenol-chicken γ-globulin (NP-CGG) precipitated with alum. On day 30 or day 60 after immunization, mice were killed. Spleens from the mice were subjected to flow cytometric or immunohistological analysis. 
